Background/Aims: Inadequacy of dialysis is associated with morbidity and mortality in chronic hemodialysis (HD) patients. Blood flow rate (BFR) during HD is one of the important determinants of increasing dialysis dose. However, the optimal BFR is unclear. In this study, we investigated the impact of the BFR on allcause mortality in chronic HD patients. Methods: Prevalent HD patients were selected from Clinical Research Center registry for end-stage renal disease cohort in Korea. We categorized patients into two groups by BFR < 250 and ≥ 250 mL/min according to the median value of BFR 250 mL/min in this study. The primary outcome was all-cause mortality. Results: A total of 1,129 prevalent HD patients were included. The number of patients in the BFR < 250 mL/min was 271 (24%) and in the BFR ≥ 250 mL/min was 858 (76%). The median follow-up period was 30 months. Kaplan-Meier analysis showed that the mortality rate was significantly higher in patients with BFR < 250 mL/min than those with BFR ≥ 250 mL/min (p = 0.042, log-rank). In the multivariate Cox regression analyses, patients with BFR < 250 mL/min had higher allcause mortality than those with BFR ≥ 250 mL/min (hazard ratio, 1.66; 95% confidence interval, 1.00 to 2.73; p = 0.048). Conclusions: Our data showed that BFR < 250 mL/min during HD was associated with higher all-cause mortality in chronic HD patients.
INTRODUCTION
Adequate dialysis is critically important in reducing morbidity and mortality in maintenance hemodialysis (HD) patients [1] . Kt/V is the commonly used marker for dialysis adequacy [1] . Kt/V can be modified by efficiency of dialyzer, duration of dialysis, dialysis frequency, dialysate flow rate and dialyzer blood flow rate (BFR) [2] [3] [4] .
BFR is one of the most important determinants for achieving of adequate Kt/V [2] . In general, increasing dialyzer BFR increase in delivered Kt/V [2, 5] . A previous study reported that a 30% increase in BFR, giving the same surface, membrane and dialysate flow, resulted in a 23% increase in urea clearance [5] . Therefore, it may be postulated that lower BFR may cause inadequate dialysis and influence on clinical outcomes in HD patients. However, there are few studies on the association between BFR and mortality in HD patients and the optimal BFR is unclear.
Japan Dialysis Outcomes and Practice Patterns Study (DOPPS) reported that patients with a mean prescribed BFR < 180 mL/min had higher mortality compared with reference group of BFR 180 to 210 mL/min [6] . However, it is uncertain whether these results can be generalized to other country groups because the prescribed BFRs in Japanese HD patients is usually 200 mL/min, which are lower than those in other countries with 250 to 350 mL/ min [6, 7] . Furthermore, some investigators proposed that the use of low BFR in Japan may contribute the longer survival compared other countries because the lower BFR may help facilitate the maintenance of high rate of arteriovenous fistula (AVF) [6, 8] .
In this study, we investigated the impact of the BFR on all-cause mortality in chronic HD patients from the Clinical Research Center (CRC) registry for end-stage renal disease (ESRD), a multicenter prospective observational study in Korea.
METHODS

Study population
All patients in this study participated in the CRC registry for ESRD. The cohort started in April 2009 and included adult (> 18 years of age) dialysis patients. A total of 1,669 prevalent HD patients were enrolled. We excluded patients whose BFR could not be ascertained at enrollment (n = 4), duration of HD therapy was less than 1 year (n = 392), session of HD was not three times per week (n = 141), treatment time per HD session was more than 5 hours (n = 4), or dialysis modality was hemodiafiltration (n = 57). So, 1,129 patients were included in the final analysis.
Demographic data and clinical data were collected at enrollment. Assessment of dialysis characteristics and measurements of health were performed every 6 months until the end of follow-up. Dates and causes of mortality were immediately reported through the follow-up period. The CRC registry for ESRD was approved by the medical ethics committees of all of the participating hospitals and informed consent was obtained from all patients before inclusion.
Baseline demographic data and clinical data including age, gender, height, weight, body mass index (BMI), systolic blood pressure (SBP), diastolic blood pressure (DBP), causes of ESRD, comorbidities, laboratory investigations, and therapeutic characteristics were recorded. Serum hemoglobin levels, creatinine levels, total cholesterol (TC) levels, albumin levels, calcium levels, phosphorus levels, intact parathyroid hormone (iPTH) levels, and β2-microglobulinlevels were determined from blood samples. The single-pool Kt/V (spKt/V) was determined by two-point urea modeling based on the intradialytic reduction in blood urea and intradialytic weight loss.
BFR at study enrollment was based on prescribed value. In this study, the median value of BFR was 250 mL/ min. We categorized patients into two groups by BFR < 250 mL/min and BFR ≥ 250 mL/min according to median value of BFR.
Outcomes
The clinical outcome of this study was all-cause mortality. The primary outcome was all-cause mortality. All patients were followed until death (event) or the end of the study, with censoring of data at the time a patient underwent renal transplantation or was lost to followup because of patient's refusal of further participation or patient's transfer to a nonparticipating hospital. For each death, the clinical center principal investigator completed a form that included cause of death according to the CRC for ESRD study classification. mated by the Kaplan-Meier method and compared by the log-rank test between the group with BFR < 250 and ≥ 250 mL/min group. The Cox proportional hazard regression model was used to calculate the hazard ratio (HR) with 95% confidence interval (CI) for all-cause mortality. The assumption of proportional hazards over time was assessed by visual inspection of a log-minuslog survival plot. The Cox models were adjusted for significant or nearly significant (p < 0.1) predictor for all-cause mortality in univariate Cox regression analysis including age, sex, diabetes mellitus, coronary artery disease, types of dialyzer membrane, serum hemoglobin, serum albumin, and serum TC. To have adequate confounder control, important covariates known to be influential based on prior studies and clinical insight, such as SBP, and spKt/V were retained in the multivariate Cox regression model regardless of their statistical significance. A value of p < 0.05 was considered statistically significant. All statistical analyses were performed using SPSS version 16.0 (SPSS Inc., Chicago, IL, USA).
Statistical analysis
RESULTS
Patient characteristics
A total of 1,129 prevalent HD patients were included in the present analysis. The mean age of patients was 58 ± 13 years. The main causes of ESRD were diabetes (43%), renal vascular disease (19%), and glomerulonephritis (14%). Fig. 1 shows the distribution of patients according to BFR. The median BFR was 250 mL/min. Baseline characteristics of the study population according to the median value of BFR are shown in Table 1 . The number of patients in the BFR < 250 mL/min was 271 (24%) and in the BFR ≥ 250 mL/min was 858 (76%). The mean BFR of patients with the BFR < 250 mL/min was 218 ± 17 mL/ min and the mean BFR of patients with the BFR ≥ 250 mL/min was 272 ± 24 mL/min. Male was more prevalent in patients with the BFR ≥ 250 mL/min. Diabetes was more common in patients with the BFR < 250 mL/min. Patients of the BFR < 250 mL/min had a lower percentage of use of arteriovenous graft (AVG) and a higher percentage of use of catheter. Dialysate flow rate was lower in patients with the BFR < 250 mL/min. Patients of the BFR < 250 mL/min had a higher percentage of use of low-flux dialyzer membrane and a lower percentage of use of high-flux dialyzer membrane. Serum calcium levels were lower and serum β2-microglobulin levels were higher in patients with the BFR < 250 mL/min. SpKt/V was lower in patients with the BFR < 250 mL/min. There was no significant difference in age, duration of dialysis, use of AVF, treatment time of dialysis, ultrafiltration volume per post-dialysis weight, BMI, SBP, DBP, hemoglobin levels, serum TC levels, serum phosphorus levels or serum iPTH levels in each group.
The impact of BFR on all-cause mortality
The median follow-up period was 30 months (interquartile range, 18 to 41). During the follow-up period, 178 patients left the study. The reasons for censoring included transfer to a nonparticipating hospital (n = 65), kidney transplantation (n = 58), refusal of further participation (n = 27), or others (n = 18). There were 96 deaths during the follow-up period. The leading causes of death in whole cohort were cardiovascular diseases (35% of all deaths) and infectious diseases (27% of all deaths). Table  2 shows the causes of deaths in each group. There was no significant difference in the causes of death between patients with the BFR < 250 mL/min and patients with the BFR ≥ 250 mL/min (p = 0.531). The absolute mortality rate was 3.53 deaths per 100 person-years. Fig. 2 shows the Kaplan-Meier plot of patient survival according to BFR. Kaplan-Meier analysis showed that the mortality rate was significantly higher in patients with BFR < 250 mL/min than those with BFR ≥ 250 mL/min (p = 0.042, log-rank).
Univariate and multivariate Cox regression analysis for all-cause mortality are shown in Table 3 . In crude model, the HR for all-cause mortality of BFR < 250 mL/ min was 1.56 (95% CI, 1.01 to 2.40; p = 0.044). In multivariate Cox regression analysis, patients with BFR < 250 mL/ 
Subgroup analyses according to baseline covariates
To determine the interaction between baseline covariates and BFR for all-cause mortality, we divided the entire study population into subgroups according to various baseline covariates and performed subgroup analyses. We found that age, spKt/V, gender, diabetes, types of vascular access, and types of dialyzer membrane significantly interacted with BFR for mortality.
As shown in Fig. 3 
DISCUSSION
In this multicenter prospective observational study to investigate the impact of BFR on mortality in chronic HD patients, we demonstrated that patients with BFR < 250 mL/min had higher risk for all-cause mortality. The BFR is different in many countries and the optimal BFR has been unclear. The DOPPS has shown that in the United States, the patients that BFR is more than 400 mL/min account for 83.6% of the HD patients [9] . In Canada and other Europe, the patients with BFR ≥ 250 mL/min take about 98% of the HD patients [9] . However, in Japan, the patients with BFR ≥ 250 mL/min account for 18% and BFR prescribed usually 200 mL/min for a typical HD treatment [6, 9] .
The impact of BFR on survival has been controversial. Some investigators proposed that the use of low BFR in Figure 2 . Kaplan-Meier survival curve for all-cause mortality (p = 0.042 by log-rank test). Japan may contribute the longer survival compared other countries because the lower BFR may help facilitate the maintenance of high rate of AVF. Some investigators suggest that the use of low BFR may contribute the longer survival by facilitating the maintenance of high rate of AVF [6, 8] . On the contrary, other studies demonstrated that increased BFR is important for optimizing dialysis dose [2, 5] and inadequate dialysis dose is associated with increased mortality [1] . In this study, the mean BFR was 259 ± 32 mL/min and the patients with BFR ≥ 250 mL/min accounts for 76% in the whole cohort, of which was higher than that of Japan and lower than that of the United States. Our findings, which showed that lower BFR was associated with higher all-cause mortality rate, provide the evidence for the association between BFR and all-cause mortality.
The mechanisms underlying the risk of all-cause mortality associated with lower BFR are unclear. Inadequate doses of dialysis promote atherosclerosis, infection, and malnutrition, which in turn will increase mortality [10] .
Does lower BFR contribute to the inadequate dialysis dose? Previous studies have shown the relationship between BFR and dialysis dose. Borzou et al. [11] reported that 16.7% of patients had Kt/V higher than 1.3 using BFR of 200 mL/min, while 26.2% of patients had Kt/V higher than 1.3 using BFR of 250 mL/min HD. Kim et al. [12] reported that by increasing the BFR by 15% to 20% in patients with low efficiency dialysis (Kt/V less than of 1.2), efficiency of dialysis would increase 4%. Similar with previous studies, BFR was positively correlated with spKt/V in this study (β = 0.108, p = 0.001). Odds ratio of patients with BFR < 250 mL/min to have inadequate dialysis dose (spKt/V ≤ 1.2) was 1.5 (95% CI, 1.03 to 2.20; p = 0.036) in this study. These findings suggest that lower BFR is associated with inadequate dialysis. Next, does increased spKt/V by increasing BFR influence on mortality? The Hemodialysis (HEMO) Study study has demonstrated that increasing spKt/V above standard dose did not impact survival [13] . Therefore, it may be possible to postulate that, if BFR is associated with delivered dialysis dose, the impact of BFR on mortality may be more prominent in patients with lower dialysis dose rather than patients with higher dialysis dose. Our data support this postulation. As shown in Fig. 3 , in subgroup analyses according to median value of spKt/V 1.5, BFR < 250 mL/min was significantly associated with all-cause mortality in subgroup with below median value of spKt/V, but not in subgroup with above median spKt/V. We cautiously suggest that lower BFR contributed inadequate dialysis, which may be associated with higher mortality especially in HD patients with lower dialysis dose. Randomized controlled trial may elucidate the association between BFR and clinical outcomes.
The dialysis treatment time is a main determinant of Kt/V. In this study, the dialysis treatment time for the two BFR groups was comparable in spite of the presence of significant difference in spKt/V. It may be due that most patients (96%) have same dialysis time, 12 hr/wk. Similar dialysis treatment time between two BFR groups may reduce the interaction of treatment time with Kt/V and mortality, which may contribute to clarify the association of BFR with Kt/V and mortality in this study.
What would happen to the outcome if patients with low BFR received dialysis with extended dialysis treatment time? Japan DDOPS study reported that low Kt/V was more strongly associated with short dialysis treatment time than low BFR [6] . Short dialysis treatment time is associated with low Kt/V and independent risk factor for sudden death [3, 6] . Furthermore, DOPPS showed longer HD patients survival with longer dialysis treatment time [7] . Extend dialysis treatment time in lower BFR group may increase Kt/V or overcome dialysis inadequacy, which in turn reduce all-cause mortality. Therefore, the impact of lower BFR on all-cause mortality should be cautiously interpreted in consideration that HD patients may have different dialysis treatment time according to the dialysis centers.
Another explanation for the association between lower BFR and higher all-cause mortality may be possible. Gutzwiller et al. [14] reported that increasing BFR was effective in clearance of potassium. It may be postulated that higher BFR may contribute correction of electrolyte imbalance in HD patients, which in turn decrease cardiovascular mortality from electrolyte imbalance such as hyperkalemia.
One of the interesting findings of this study is that spKt/V had no significant association with all-cause mortality. Kaplan-Meier analysis showed that the mortality rate was not significantly different between patients with spKt/V < 1.5 (the median value of spKt/V in this study) and those with spKt/V ≥ 1.5 (p = 0.680, logrank). Cox regression analyses showed that there was no significant difference in all-cause mortality between patients with spKt/V < 1.5 and those with spKt/V ≥ 1.5 (HR, 0.85; 95% CI, 0.53 to 1.38; p = 0.515). The thresholder of Kt/V used in clinical practice is 1.2. When the patients were divided according to Kt/V 1.2, similar data were obtained (data not shown). These findings are consistent with the recent notion of Kt/V [15] . Although Kt/V is a useful marker of dialysis adequacy, clinical studies have shown that Kt/V is not often the sole and the most consistent determinant of dialysis outcomes [13] . It may be due that Kt/V cannot properly cover up for diverse recent dialysis strategic alternatives, such as extended or daily dialysis, high-flux dialysis, and convective strategies [15] . Unlike spKt/V, BFR was independent risk factor for all-cause mortality in this study. Furthermore, BFR had significant association with all-cause mortality after adjustment for spKt/V (Table 3 ). These findings suggest that lower BFR may have independent prognostic value on all-cause mortality besides reflecting dialysis inadequacy.
Another interesting finding of our study is that age, gender, diabetes, types of vascular access, and types of dialyzer membrane significantly interacted with BFR for all-cause mortality. These findings suggest that lower BFR was associated with higher all-cause mortality especially in subgroup with older age, male, diabetes, use of AVF, and use of low-flux dialyzer membrane. The reasons for interaction of these factors with BFR-related mortality are unclear. It may be cautiously postulated https://doi.org/10.3904/kjim.2015.111 that the survival benefit of the optimizing dialysis adequacy by higher BFR may be more prominent in patients with older age, male, diabetes, use of AVF, and use of low-flux dialyzer membrane. To clarify the precise mechanism, further studies are needed.
Our study has some potential limitations. First, our study was an observational study and patients were not randomly allocated to the two groups. Therefore, this study may have been limited by selection bias. Despite careful adjustment for clinical variables, unknown confounding variables may not have been adequately adjusted for in the multivariable analyses. Second, in spite of the multicenter nature of the study, the cohort consisted of Korean patients and all were Asian. Thus, it is uncertain whether our results can be generalized to other ethnic groups. Third, the causes of low BFR such as vascular access dysfunction and hemodynamic instability were not assessed in this cohort study. Forth, in spite of dividing the patients according to median value of BFR 250 mL/min, there is huge difference in number of patients between two groups. It may be due to the discrete and skewed distribution of BFR. As shown in Fig. 1 , because substantial number of patients (404 patients of the enrolled patients) had median value of BFR (250 mL/ min), the number of patients with BFR ≥ 250 mL/min was greater than the number of patients with BFR < 250 mL/min (n = 858 vs. n = 271, respectively).
In conclusion, the patients with BFR < 250 mL/min is independently associated with increased all-cause mortality, especially in patients with older age, spKt/V < 1.5, male, diabetes, use of AVF and use of low-flux dialyzer membrane. Our results suggest that monitoring and careful attention of the factors decreasing BFR may be helpful to improve clinical outcomes in chronic HD patient.
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